have studied, is also found. These are associated with the effects of enhanced local ordering on the free volume needed for translation and reorientation. Such correlations of dynamic properties D and R1 with the thermodynamic quantity S, as well as the consistent interpretations of the effect of acyl chain unsaturation on the dynamics in terms of the activity coefficients, strongly emphasize the interrelation between the dynamic structure and the thermodynamics of the PC/ cholesterol mixtures.
INTRODUCTION
The dynamics of binary mixtures of phosphatidylcholines (PC) and cholesterol has been studied extensively. The results have been quite diverse depending upon the type of PC used (e.g., saturated acyl chain PC and/or unsaturated acyl chain PC) as well as the type of molecular probe used (phospholipid type or sterol type).
The dynamics of phospholipid-type molecular probes, which are believed to report on the phospholipid molecules, have been studied in saturated PC (e.g., DMPC or DPPC) and cholesterol mixtures. It was observed that the lateral diffusion coefficient (D) of a fluorescence probe (NBD-PE) does not change until the cholesterol concentration reaches -10 mol %, whereas above 10 mol %, D starts to decrease to an asymptotic value of about a factor of three less than in pure saturated PC model membranes (Rubenstein et al., 1979) . The rotational mobility of PC type probes and stearic acid spin probes was found to decrease with increase of cholesterol (Recktenwald and McConnell, 1981; Kusumi et al., 1986) .
To study cholesterol in binary mixtures, cholestane spin probe (CSL) has been widely used. It is observed that as the cholesterol concentration is increased, there is a decrease in rotational mobility of CSL and an increase in its ordering in saturated PC and cholesterol mixtures in the liquid crystalline state (Presti and Chan, 1982; Kar et al., 1985; Kusumi et al., 1986) . The lateral diffusion of sterol type molecular probes is not well known. The result obtained by the "fluorescence recovery after photobleaching" method (FRAP) is that a sterol type fluorescence probe, which is structurally somewhat dissimilar to cholesterol because of a bulky fluorescent functional group, behaves identically to NBD-PE in the mixtures (Alecio et al., 1982) .
Summarizing these results, the translational diffusion and the rotational mobility of both solvent and solute in saturated PC and cholesterol binary solution decrease with an increase of cholesterol. Also, both solute and solvent molecules become more ordered.
The existence of unsaturation in acyl chains of PC molecules, however, introduces a large discrepancy in the cholesterol effect. It was shown that the PC lateral diffusion in unsaturated PC model membranes (POPC and DOPC) was not affected by the presence of cholesterol over an extended concentration range (Lindblom et al., 1981) . This was confirmed by the results on NBD-PE diffusion in DOPC and cholesterol mixtures (Kusumi et al., 1986) and by the results of 16-PC spin probe diffusion in POPC and cholesterol mixtures (Shin and Freed, 1989a) . The rotational motion and ordering of PC type probes also shows only a slight effect from cholesterol (Merkle et al., 1987; Shin and Freed, 1989) .
Whereas the dynamics of the PC type probes are almost independent of cholesterol in unsaturated PC membranes, CSL undergoes a significant change in its dynamics by the addition of cholesterol. The lateral diffusion of the cholesterol analogue spin probe CSL has been extensively studied in POPC/cholesterol mixtures in the liquid crystalline state (Shin and Freed, 1989a) . The lateral diffusion coefficient of CSL decreases by a factor of four even at 10 mol % of cholesterol compared with the value at 0 mol %. Also the rotational diffusion coefficient is about one order of magnitude less at 30 mol %. The ordering of CSL increases abruptly and a tendency toward saturation of the ordering was observed around 10 mol %.
It appears that these results may be summarized by the statement that the dynamics of cholesterol is greatly influenced by varying the concentration of cholesterol, whereas the dynamics of unsaturated PC molecules is hardly affected in the unsaturated PC/cholesterol mixtures.
Although much information has been accumulated so far concerning the effect of cholesterol on the dynamic properties of PC model membranes, the interpretation lacked unifying principles. One deficiency has in our estimation been a lack of comparison between the dynamics and the thermodynamic properties of the mixtures (e.g., activity coefficients). The activities in the model membrane mixtures are not easily obtainable with existing experimental techniques. We have developed a simple way of estimating the activity coefficient of each component by considering the thermodynamic nature of the orientational order parameter S of each component (Shin and Freed, 1989a) .
In our previous paper (Shin and Freed, 1989a) , we attempted to explain the dramatic differences in the dynamics of solute and solvent in POPC/cholesterol mixtures in terms of thermodynamic properties. We found simple correlations of D and R, with S. We also found universal behavior for S vs. a scaled temperature for both CSL and 16-PC spin probes, which showed that the disorder parameter, (1 -S) can be considered equivalent to a scaled temperature. Such correlations and the universality in S were interpreted as a consequence of simple nonideal solution behavior. Furthermore, it was shown that the profound effect of cholesterol on DCSL and RCSL and the very small effect of cholesterol on D16-PC and R16-PC were consistent with the behavior of the activity coefficients y. (That is, ychol decreases by a factor of five when the cholesterol mole fraction x is increased from 0 to 0.3, whereas ypc increases only 13% upon x increasing from 0 to 0.2.) This not only verifies the simple nonideal solution nature of POPC/cholesterol mixtures, but also emphasizes consistency in the dynamic structure and the thermodynamics.
We intend in the present work to extend our study to various PC/cholesterol mixtures to verify if our model of the dynamic structure is consistent with the overall thermodynamic picture (Shin & Freed, 1989b) . We also wish to determine whether general correlations of the dynamic properties D and R with the thermodynamic property S, would be applicable to all PC/cholesterol mixtures. We have already reported on the effect of acyl chain unsaturation on S (Shin and Freed, 1989b) , and in the present study we also wish to clarify the effects on the dynamics caused by acyl chain unsaturation.
There have been a few studies concerning cholesterol affinity to a certain type of phosphatidylcholine in multicomponent PC mixtures (Verkleij elt al., 1974; De Kruyff et al., 1974) . It was shown that cholesterol interacts preferentially with unsaturated PC in unsaturated PC/ saturated PC mixtures when the saturated PC passed from liquid crystalline state to gel state upon lowering the temperature (Verkleij et al., 1974) . On the other hand, it has been shown that acyl chain unsaturation leads to stronger self association of cholesterol in the liquid crystalline state above 350C (Shin and Freed, 1989b) We utilized an improved method of analysis in determining the lateral diffusion coefficient by the electron spin resonance (ESR) imaging technique (Moscicki et al., 1989 and 1990) . The influence of experimental noise present in the analysis in Fourier transform (or k-space) is better understood as a result. Consequently the accuracy and the reliability of the diffusion measurement is significantly improved.
EXPERIMENTAL METHODS

Materials
l-Palmitoyl-2-oleoyl-sn-glycero-phosphatidylcholine (POPC) and 1,2-dimyristoyl-sn-glycero-phosphatidylcholine (DMPC) were purchased from Avanti Polar Lipids Inc. (Birmingham, AL) and were used without further purification. Cholesterol was obtained from Sigma Chemical Co. (St. Louis, MO) and recrystallized in ethanol. The 3-doxyl derivative of cholestan-3-one (CSL) was purchased from Syvar Co. (Palo Alto, CA).
Sample preparation
The two basic requirements for a good sample in our ESR imaging experiment are: (a) the spin probe distribution is localized at the middle of the sample; (b) the sample is a well-aligned homeotropic monodomain of lipid multilayers. The minimum experimental time required to successfully measure the diffusion coefficient D is determined by the equation (Moscicki et al., 1989a and b) (Cleary et al., 1988) . It is based on the hydrationevaporation technique (Jost and Griffith, 1973) and the compression alignment technique of Tanaka and Freed (1984) . For details of the procedures and characterization methods see Tanaka and Freed (1984) and Cleary et al. (1988 (Cleary et al., 1988; Moscicki et al., 1989a) :
where A/j is the time difference between two measurements. The concentration profile is obtained in k-space utilizing the Fourier convolution theorem:
where Ig(k, t,) is the Fourier transformed gradient-on spectrum at time t, and 10(k) is a Fourier transformed gradient-off spectrum.
Samples that are well approximated as having a gaussian concentration profile were used in our previous work (Cleary et al., 1988; Shin and Freed, 1989a) . In such cases, the diffusion coefficient was obtained in two steps: (a) the width of the gaussian profile was calculated by plotting ln C(k, ti) vs. k2; (b) the width was plotted vs. time ti. In reality, it is not so easy to prepare a sample which has a gaussian spin probe distribution. For samples which have an arbitrary concentration profile, the analysis can be performed by "pairing" the profiles at different instances of time (Cleary et al., 1988) .
A weakness, up to now, in the analysis of experimental data in k-space is the difficulty in locating the range of k modes that provides accurate data on the diffusion coefficient. For example, we have shown by computer simulation that the difference expressed by the left-hand side of Eq. 3 for two gaussians with different width was completely corrupted by computational round-off error at high k, demonstrating the existence of an upper bound in the useful k modes (Moscicki et al., 1989) . More relevant, the experimental noise present in the ESR spectrum is a crucial factor limiting the range of useful k modes.
Given two concentration profiles obtained at different times, Eq. 3 and Eq. 4 yield:
where Io(k) factors out. Consequently, the gradient-off spectrum is not necessary in obtaining D (whereas it is still necessary for obtaining rotational diffusion coefficients and order parameters by the usual ESR spectral simulations). The elimination of the division by the gradient-off spectrum, with its finite noise, enhances the accuracy of the resulting D.
The experimental noise is a crucial constraint limiting the range of useful k modes. Eq. 5 tells us that the higher k modes are more significantly affected by the diffusion due to the k2 dependence. Suppose the change of the gradient-on ESR spectrum during the time interval Atij is small, then the left-hand side of Eq. 5 can be expanded in a Taylor series:
where AI(k, Atij) is the difference of the amplitudes of the two spectra at times t, and tj. One notes from Eq. 6 that AI should be at least of the order of the experimental noise for a given k mode to be useful:
where a = e-1 is the k-dependent inverse of the signal-to-noise ratio (Moscicki et al., 1989 and 1990) .
The error for each k mode can be monitored by analyzing the data in two steps. First, the diffusion coefficient for each pair is calculated by plotting In |I,(k, ti)/J,(k, t')j (cf. Eq. 5) with respect to k2Atij for arbitrarily fixed k.m,, (i.e., the k modes less than k,. are taken into account). Second, the first step is repeated for a range of values for k., and D(k,,) is obtained by averaging the values from all time pairs for each k,,,1. Fig. 1 shows how D(k.,,) goes through a plateau over a limited range of k modes (for which kLB -k ' kuB). It also shows that the plateau region corresponds to the minimum rms deviation in the calculated diffusion coefficients at a given k . Therefore, one can objectively choose the D at the plateau region as a reliable diffusion coefficient.
The results of DCSL for DMPC/POPC/cholesterol listed in Table I have been obtained by the "pairing technique" described so far. At the same time we have analyzed the data by the method which may be favorable for a gaussian concentration profile (Shin and Freed, 1989a) for the samples in which the concentration profile is still well approxi- We note that even though the diffusion coefficient is measured from the time evolution of the concentration profile, it is a tracer diffusion coefficient (self diffusion of tracer molecule) rather than a mutual diffusion coefficient, because the concentration of spin probes is kept so low that the spatial chemical potential gradient is negligible. We shall assume that the spin-labeled sterol (CSL) properly displays the diffusive properties of cholesterol (Shin and Freed, 1989a) .
Nonlinear least square spectral simulation During the course of each experiment we collected the gradient-off spectra. They were analyzed to obtain the ordering and rotational dynamics utilizing ESR spectral simulation methods (Freed, 1976; Meirovitch et al., 1982; Schneider and Freed, 1989) . The ESR simulations were performed utilizing nonlinear least square fitting to obtain the optimum parameters (Crepeau et al., 1987; Shin and Freed, 1989a) . For CSL spin probe, we followed the axis system conventions described elsewhere (Tanaka and Freed, 1984; Meirovitch and Freed, 1984) .
The potential U(Ql) determining the orientational distribution of the spin probe molecules around the ordering axis in the uniaxially ordered lipid multilayers can be expanded in a series of Wigner rotation matrix elements D'M(Q), e.g.,
where 9? is the universal gas constant and Q represents the Euler angles specifying the relative orientation between the principal rotational diffusion axis (it is assumed to coincide with the molecular long axis) and the ordering axis. The values of the magnetic tensor A used were Ar 33.8 G, Ax-5.6 G, and Ay.. 5.3 G for CSL. Those of g were g%--2.0081, gy--2.0061, and gj-= 2.0024 (Korstanje et al., 1989) .
One can specify the angle (I) between the ordering axis and the applied magnetic field (Ho). All spectra of CSL that were simulated had 00, which was chosen to minimize the spectral linewidths, thereby enhancing resolution in the imaging experiments.
The first step in the nonlinear least square simulation was to choose reasonable starting values of the four parameters, X, p, the perpendicular rotational diffusion coefficient (R1), and the rotational diffusion anisotropy N -(R±/R1). With the Q -0 configuration the spectral shape is sensitive mainly to perpendicular rotational diffusion coefficient and rather insensitive to rotational diffusion anisotropy N as pointed out in our previous work (Shin and Freed, 1989a) . Thus, in the simulation we fixed N(-RII/R) to 20 for 0 and 5 mol % cholesterol, 50 for 10 mol %, and 100 for >10 mol %. These are average values of N giving the minimum x2 for all temperatures at a given composition.
The fitting process was iterated by a Marquard-Levenberg algorithm until a minimum in the least squares was achieved. To insure that the global minimum was obtained, and to guard against spurious local minima, we restarted the algorithm several times with a range of different seed values. The orientational order parameter of CSL SCSL may be obtained by integrating (Shin and Freed, 1989a) 
If exp(-ST) dQ, (10) where D2 (Q) = I/2(3COS2 1 ). Fig. 2 . In the POPC and cholesterol mixtures DcSL decreased by factors of four at 10 mol % of cholesterol and at 250C, whereas it decreases by factors of two at the same concentration and temperature in the DMPC/POPC/cholesterol mixtures. At -500C DCSL is still observed to decrease significantly in POPC/cholesterol, where it shows a factor of two decrease at 10 mol %, whereas it shows only a 40% decrease at 50 mol % in the ternary mixtures compared with those in the binary DMPC/POPC model membranes. This implies that the diffusivity of cholesterol is more strongly affected in POPC/cholesterol mixtures than in the ternary mixtures by the addition of cholesterol.
Order parameter
A thermodynamic approach to the order parameter S, whch relates the intensive thermodynamic property SCSL, with the activity of cholesterol ach01, has been discussed elsewhere (Shin and Freed, 1989a and b) .
In Fig. 4 the order parameter SCSL at 34 mol % is plotted as a function of temperature. It shows little effect of temperature on order parameter below -320C indicating the saturation of ordering. It decreases with temperature when the temperature is above -320C, which is consistent with the behavior of the inverse of the lateral diffusion coefficient. (Shin and Freed, 1989a and b) : where achOl(xchol, T) is the activity of cholesterol at the cholesterol mole fraction, xchol and 'YchOi(xchol, T) is its associated activity coefficient. The analysis of SCSL based on Eq. 11 for the DMPC/ cholesterol mixtures and the POPC/cholesterol mixtures indicated 1 > ycoOc > ychol for all x,,hO (Shin and Freed, 1989b) . This suggests that cholesterol has a tendency to associate in PC/cholesterol mixtures ('ychol < 1). Furthermore, the inequality (yDMIc > 'Y '') implies that cholesterol tends to associate more in the POPC membrane than in the DMPC membrane. In other words, acyl chain unsaturation tends to lead to cholesterol expulsion from the vicinity of phospholipid molecules. Consequently, it leads to stronger self association of cholesterol in the POPC/cholesterol mixtures (Shin and Freed, 1989b) .
Another approach which does not necessarily require Eq. 11, but is consistent with it is to just examine the "excess") order parameter which may be, for the ternary mixtures containing an equimolar mixture of DMPC and POPC as a solvent, defined by 
where A is a constant for a given type of mixture. Eq. 14 implies that the activation energy of the rotational motion also depends on S2 as is the case for translational motion. An interesting feature of Eq. 14 is that the constant A is independent of temperature, whereas in Eq. 13 a shows a rather considerable temperature dependence. RO is also temperature independent. The fits according to Eq. 14 are shown in Fig. 8, a- cholesterol mixtures is somewhat peculiar. Suppose this is a two-phase region as has been suggested by the thermodynamic analysis of the order parameter, and the phase separation is due to a first order phase transition. This is implied by the larger hyperfine splitting of the ESR spectrum associated with the separated phase (phase 2), which is presumably cholesterol rich and somewhat disordered (Freed and Shin, 1989b 
DISCUSSION
The results of the thermodynamic approach to the SCSL suggested that cholesterol interacts preferentially with DMPC molecules rather than with the POPC molecules, which is consistent with the stronger self association of cholesterol in unsaturated POPC/cholesterol mixtures (Shin and Freed, 1989b (Shin and Freed, 1989b) help to understand our results of lateral diffusion coefficient in ternary model membranes which show weaker dependence on cholesterol mole fraction than in POPC/cholesterol binary solutions. Because cholesterol associates less strongly, the increase of ordering in cholesterol-rich domains would not be as significant; the molecular packing in cholesterol-rich clusters would be somewhat looser, thereby letting the molecules have a better chance to diffuse. Consequently, lateral diffusion would decrease less by the addition of cholesterol in DMPC/POPC/cholesterol, compared with those in POPC/cholesterol mixtures.
Because cholesterol has a tendency to associate more in unsaturated PC model membranes, the PC molecules, which are farther from the cholesterol-rich clusters, would be less frequently encountered by cholesterol. Therefore, the dynamics of PC molecules is expected to be closer to that in pure unsaturated model membranes, in contrast to the strong effect of cholesterol on the dynamics of cholesterol analogue CSL. This is consistent with the observation that the effect of cholesterol is moderate on the lateral diffusion, the rotational diffusion, and the ESR line shape of PC analogue molecular probes from a variety of studies of unsaturated PC/cholesterol mixtures (Lindblom et al., 1981; Kusumi et al., 1986; Merkle et al., 1987) .
Unlike the case of unsaturated PC/cholesterol mixtures, cholesterol is more loosely aggregated in saturated PC/cholesterol binary model membranes. Consequently, the PC molecules will more frequently encounter cholesterol, i.e., they will exhibit a higher probability to be closer to cholesterol molecules. Thus, the dynamic properties of PC molecules would be influenced more substantially by cholesterol, provided, for example, cholesterol has a tendency to immobilize nearby molecules. At the same time the dynamics of cholesterol molecules would also be appreciably affected by the association of cholesterol, even though it would be milder than in unsaturated PC model membranes.
Although it has been shown that there is a substantial effect of acyl chain unsaturation on the dynamical properties of the PC/cholesterol mixed model membranes, we find underlying universal correlations between D and S, and between R and S. This shows an S2 dependence of the activation energy of the lateral diffusion as well as of the rotational diffusion. Such correlations give an important insight into the properties of PC/cholesterol mixtures, viz. that the effect of cholesterol on the dynamical properties of the PC model membranes is mainly due to the structural change in the model membranes induced by cholesterol which is directly reflected in the change of the thermodynamic property, the order parameter. Furthermore, if we recognize that our imaging measurement of D is a macroscopic one (Ax -100 ,um and t 1 h), whereas those of S and R are microscopic ones (i.e., Ax -molecular dimensions and t 'TR -10-200 ns), such correlations imply temporal and spatial uniformity characteristic of a single simple solution.
Freeze fracture experiments (Verkleij et al., 1974) and DSC studies (Van Dijck et al., 1976) showed that cholesterol prefers being in the liquid crystalline domain which would be mainly composed of the lower melting phospholipid (e.g., POPC) rather than in the gel phase domain which would be mainly composed of the higher melting phospholipid (e.g., DMPC) in ternary model membranes. Such observations are consistent with the phase diagram (Shin and Freed, 1989b) We have shown that in ternary mixtures cholesterol showed less deviation from ideality than in either of the two binary mixtures (Shin and Freed, 1989b) . This has been interpreted as the result of the entropy of mixing. For rotational motion, such a mixing effect seems not to be significant (the coefficient A in Eq. 14 for ternary mixtures is about an average of those of the two binary mixtures).
We wish to consider the S dependence of D and R,as expressed respectively in Eqs. 13 and 14. We have shown that the ordering would increase either by adding cholesterol, or by lowering temperature. We can regard a(T)S2 + for lateral diffusion and AS2 for rotational diffusion as the activation energy. This suggests that the activation barriers for the translational diffusion and rotational diffusion are both enhanced as membrane ordering is increased by the addition of cholesterol, or by lowering temperature (Shin and Freed, 1989a) . The S2 dependence of the activation energy for both translational and rotational diffusion is a prediction of a free volume model, which was originally derived by Diogo and Martins (1982) to explain the dependence of the twist viscosity on the ordering in thermotropic nematic liquid crystals. We review the relevant free volume diffusion model in the Appendix. For R1 a linear term in S also appears in the activation energy as well as the 52 term. This results from the (nematic) orientational potential which must be overcome to complete reorientation of the molecular long axis. However, empirically we find that the S2 dependence is more important: the fits with an S-dependent activation energy alone are significantly poorer.
CONCLUSIONS
(a) The method of dynamic imaging by ESR for measuring the lateral diffusion coefficient of a spin probe in model membranes has been improved for studying spin probe concentration profiles. (c) The weaker effect of cholesterol on reducing DCSL in DMPC/POPC/cholesterol mixtures than in POPC/ cholesterol mixtures suggests a stronger expulsion of cholesterol from the vicinity of the POPC molecules than from that of the DMPC molecules. This is also consistent with the results of a thermodynamic approach to SCSL, which showed that cholesterol associates more in POPC model membranes than it does in DMPC model membranes.
(d) We have found universal empirical relations for DcSL and R, vs. SCSL, which show an SCSL dependence of the activation energy for both lateral diffusion and rotational diffusion, that are consistent with a free volume model and also with simple uniform solution behavior.
(e) The correlations, along with the thermodynamics of the phosphatidyline-cholesterol mixtures (Shin and Freed, 1989b) , provide a comprehensive interpretation of the effect of cholesterol on model membranes in the liquid crystalline state.
(f) All in all, we have verified that the dynamic structure is consistent with the overall thermodynamic properties in PC/cholesterol mixtures.
APPENDIX
Free volume diffusion model: application to phospholipid/cholesterol mixed model membranes It has been shown by Vaz et al. (1985) that plots of In D vs. T`for a variety of saturated PC model membranes were nonlinear. They also found lateral diffusion in longer chain length PC model membranes was faster than in shorter chain length PC model membranes at the same "reduced temperature," which was the inverse of what would be expected from a hydrodynamic model. They addressed the necessity of a different theory of diffusion rather than just a hydrodynamic model. In this spirit, they utilized a free volume diffusion model to explain their results. The model proposed in their work was virtually the same as Cohen and Turnbull's (1959) original theory except that the drag forces at the membrane-water interfaces were taken into account. We also find that the viewpoint of free volume diffusion is important in the dynamics of model membrane mixtures containing cholesterol. In this appendix we consider the relevant concepts.
First of all, we briefly review the free volume diffusion model of Cohen and (Martire, 1979): Vi.( T) gi,, ,V (T)e i/(T-To) (24) where i , B , , = AX. bv/(aj,v0ji). We note here that the critical free volume for rotation and for translation should, in general, be different, and this is also true for the numerical factor A. However, in a liquid of rodlike particles the large-scale rotational diffusion about the short axis, and the translational diffusion parallel to this axis are strongly coupled (see, for example, Doi and Edwards [1986] , and Moscicki [1985] 
and for rotational diffusion about the short axis, Eqs. 33 and 34 are developed for a single component system. To apply these results to phospholipid/cholesterol mixtures we will now extend the free volume approach on the phospholipid/cholesterol binary mixture. Let subscripts "lp" and "ch" refer to properties characteristic of the phospholipid and cholesterol entity, respectively. According to the discussion of mixtures by Cotter (1977) 
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